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1Department of Chemistry, Università degli Studi di Bari “Aldo Moro,” Bari 70125, Italy
2Institute of Chemistry, São Paulo State University (UNESP), Rua Prof. Francisco Degni, São Paulo 14800-060, Brazil
3National Institute for Alternative Technologies of Detection, Toxicological Evaluation and Removal of Micropollutants and
Radioactives (INCT-DATREM), São Paulo State University (UNESP), Rua Prof. Francisco Degni, São Paulo 14800-060,
Brazil
4Dipartimento di Ingegneria Elettrica e dell’Informazione, Politecnico di Bari, Bari 70125, Italy
5Istituto per i Processi Chimico Fisici (CNR-IPCF), Consiglio Nazionale delle Ricerche, Bari, 70125, Italy
6Institute of Nanotechnology, (CNR-NANOTEC), Consiglio Nazionale delle Ricerche, Bari, 70125, Italy

The development of bioelectrochemical systems requires careful selection of both their biotic and abiotic components to obtain
sustainable devices. Herein, we report a biophotoelectrode obtained with polyhydroxybutyrate (PHB), a biopolymer, which purple
non-sulphur bacteria produce as an energy stock under specific environmental conditions. The electrode was obtained by casting a
mixture composed of PHB and carbon fibers in a 3:2 mass ratio. Following, the composite material was modified with
polydopamine and thermally treated to obtain a hydrophilic electrode with improved electrochemical behavior. The bio-based
electrode was tested with metabolically active cells of Rhodobacter capsulatus embedded in a biohybrid matrix of polydopamine.
The system achieved enhanced catalytic activity under illumination, with an 18-fold increase in photocurrent production compared
to biophotoelectrodes based on glassy carbon, reaching a current density of 12 ± 3 μA cm−2, after 30 min of light exposure at
+0.32 V. The presented biocompatible electrode provides a sustainable alternative to metal-based and critical raw material-based
electrodes for bioelectrochemical systems.
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Microbial electrochemical systems (MES) are biohybrid devices
where the catalytic activity of microorganisms is combined with
electrodes for obtaining fuel cells, biosensors, and the synthesis of
valuable chemicals.1–4 In recent years, particular interest has been
posed in the application of photosynthetic organisms in MES to
enable the conversion of light energy into electrical and chemical
energy.5–14 However, electrode materials utilized in these biohybrid
devices are rarely biobased, while utilizing a material of biological
origin opens a new way to further increase the sustainability of the
MES. Specifically, electrode materials are often selected focusing on
their intrinsic catalytic properties, such as Pt,15 Pd,16 Ru/Fe,17,18

Ni,19–21 Ti22–24 based electrodes but carbon-based materials are
highly desirable as well as more biocompatible and sustainable
approaches.25–35 Particular attention has been posed to providing an
efficient electrode combining desired surface and structural proper-
ties, thus designing new conductive and biodegradable materials for
high biocompatibility and electrochemical performance. In this
context, the use of biobased polymers coupled with conductive
material was reported by Atanassov et al., showing an efficient
bacterial colonization with pure cultures of Shewanella oneidensis,
and an enhanced catalytic activity.36,37 Recently, urethane has been
proposed as an electrode in microbial fuel cells (MFCs) due to its
large surface area, flexibility, and stability over time.38 Nevertheless,
this material is nonconducting, requiring the development of
urethane containing activated carbon powder and carbon nanotubes.
The MFCs generated a maximum power density of 28.27 μW cm−2

using a microbial community present in soil and cow manure. The
result obtained shows that the use of plastic polymer and conductive
material together is a promising approach for bioelectrochemical
purposes.

Polyhydroxyalkanoates (PHAs), polylactic acid (PLA), and
polybutylene succinate (PBS) are an important class of bio-based
polymers that have the potential to progressively replace traditional
plastics due to their comparable physical, chemical, thermal, and
mechanical properties.39 However, in comparison to PLA and PBS,
which are produced upon polymerization of their monomers, PHA
polymerization is performed by bacteria. Specifically, purple non
sulphur bacteria, such as Rhodobacter capsulatus (R. capsulatus),
Rhodobacter sphaeroides and Rhodobacter palustris, accumulate
poly-3-hydroxybutyrate (PHB) as reserve polymer in nutrient
limited conditions.40–44 PHB is a short chain length PHA with
characteristics akin to petroleum based polymers, such as insolubi-
lity in water, good resistance to UV rays, stiffness, high degree of
polymerization, and thermoplasticity.45 Due to its physico-chemical
properties and biodegradability, PHB is mostly used for the
production of disposable items, food packaging materials,39 and
medical applications.46 However, PHAs are not conductive poly-
mers, leading to their coupling with gold nanoparticles47 and carbon
nanotubes48 to develop composite material for electrochemical
purposes. In this regard, the coupling of PHA with carbon nanofibers
(CF) has interesting features, due to the large surface area of CF,
their reasonable conductivity, and chemical/thermal stability.49,50

The design of a polyhydroxybutyrate-carbon nanofiber (PHB-
CF) based bioelectrode is a step forward in the development of MES
that requires a combination of highly biocompatible materials with
an efficient connection with biocatalysts. The prototypal PHB-based
electrode prepared using an ink-PHB-CF mixture on paper support51

utilized with photosynthetic bacteria showed increased current
densities compared to the glassy carbon-based hybrid electrode.
However, it also suffered from unstable performance and high
background electrochemical noise. The bacterium utilized to obtain
biophotoelectrodes was the photosynthetic purple non sulphur
bacterium R. capsulatus, a model organism, due to its versatile
metabolism that allows application in bioremediation,52,53 H2
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production,54,55 and biosensing.53,56 R. capsulatus photoelectrocata-
lysis has been consistently studied in the last decade with various
artificial approaches facilitating the photo-induced electron
transfer,51,57–61 and also in the presence of environmental stresses,
such as high salinity62 and xenobiotic compounds (i.e., benzoic acid,
nitrophenols, and halogenated aromatics).63 Herein, we report a free-
standing biobased electrode composed of PHB and CF with high
conductive properties and biocompatibility thanks to a surface
thermal treatment with polydopamine. The electrode is utilized
with R. capsulatus to obtain a biophotoelectrode with improved
stability and photocurrent generation, paving the way for the
development of biohybrid devices following a circular economy
and waste reduction approach.

Experimental

Chemicals.—Dopamine hydrochloride (MW = 189.64 uma,
CAS 62–31–7) and conical carbon nanofibers were purchased
from Sigma Aldrich. Polyhydroxybutyrate (ENMAT™
Thermoplastics Resin Y3000P) was supplied by Tianan
Biopolymer in the form of pellets which were used as received.
All other chemicals used in this study were used as received without
further purification. All solutions were prepared using ultrapure
Milli-Q water (18 MΩ cm−1).

Polyhydroxybutyrate - Carbon nanofibers (PHB-CF) elec-
trode.—The procedure for the electrode preparation via the casting
process is reported in Scheme 1. Specifically, 360 mg of polyhy-
droxybutyrate (PHB) and 240 mg of carbon nanofibers (CF) (3:2
mass ratio) were mixed in 20 mL of dichloromethane (CH2Cl2). The
obtained suspension was heated at 100 °C and stirred at 700 rpm
(Velp Scientifica Are heating magnetic stirrer) for 1 h and subse-
quently cast in a Petri dish. After evaporation of the solvent, the
obtained composite flat material was cut into slices of the desired
dimension for use in the electrochemical cell as a substrate electrode
(1.5 cm × 0.5 cm × 1 mm). The electrodes were washed thoroughly
with ethanol to remove any impurities before dip in a polydopamine
suspension, obtained by aerobic polymerization of a 5 mM dopa-
mine solution for 1 h in MOPS buffer (pH 8), completely covering
the surface of the material. The electrodes finally underwent a
thermal treatment at 170 °C for 1 h and were stored at room
temperature until use.

Electrode characterization.—The electrode surface wettability
was characterized by measuring the static Water Contact Angle
(WCA) using a CAM 200 digital goniometer (KSV instrument). For
each measure, a 2 μL drop of Milli-Q water was deposited, and the
relevant image was acquired. WCA values were calculated using
KSV CAM 2008 software for image analysis.

Bacteria growth.—Rhodobacter capsulatus strain DSMZ 152 was
obtained from Deutsche Sammlung von Mikroorganismen and
Zellkulturen GmbH (DMSZ). Bacterial cells were grown for 72 h
under photoheterotrophic semi-anaerobic conditions using malic acid as
a carbon source. The growth procedure was performed at 28.0 ± 0.4 °C,
using an incubator (IKA KS 3000 i control) without shaking. The
illumination was provided by a halogen lamp (80W).51,63

PHB-CF-R. capsulatus photoanode preparation.—The bacterial
cells were prepared as previously reported by our group.51 Shortly,
after 72 h of growth, R. capsulatus cells were collected and underwent
different centrifugation steps. Finally, 50 μL of a 1:1 volume ratio
bacteria:polydopamine suspension (1 g mL−1 bacterial cells:5 mM
dopamine) was spotted onto the PHB-CF electrode, covering a
geometric surface area of 0.5 cm2 and allowed to dry for 1 h. The
bioelectrode was finalized by electrochemical polymerization per-
formed with repeated cyclic voltammetry at a scan rate of 20 mV s−1

in a potential window of −0.13 V to 0.52 V vs Ag|AgCl (3 M NaCl).

Control electrodes with heat-treated cells or in the absence of
bacterial cells were prepared to confirm both the biotic origin of the
photocurrent and the role of the PDA matrix for photoinduced
electron transfer. The electrode with metabolically inactive cells was
obtained by heat-treating R. capsulatus cells at 120 °C for 3 h and
using the obtained suspension to prepare the bioelectrode as
described for the active cells. Accordingly, the bare PDA-modified
electrode was obtained spotting 50 μL of the PDA suspension after
the aerobic polymerization onto the electrode surface of 0.5 cm2.

Morphological characterization.—The cell samples embedded
in PDA deposited onto the PHB-CF electrodes were fixed adding a
solution of 2.5% glutaraldehyde in phosphate buffer for 2 h at room
temperature. Afterward, the cells were washed with phosphate buffer
three times for 15 min each wash. The washing process was
followed by serial dehydration using ethanol at 25%, 50%, 75%,
95%, and 100% for 5 min each. After the dehydration process, the
PHB-CF-R. capsulatus photoanode was air dried overnight. Samples
were mounted on the stainless-steel sample holder and gold
sputtered before analysis. Scanning Electron Microscopy (SEM)
analysis was performed with a Zeiss-Sigma Field Emission-
Scanning electron microscope (Carl Zeiss Co., Oberkochen,
Germany) operating at 5 kV and equipped with an in-lens secondary
electron detector.

Electrochemical setup.—A three-electrode electrochemical cell
was utilized, with the PHB-CF-R. capsulatus bioanode as the
working electrode (or the different control electrode previously
described), a Pt foil as the counter electrode, and an Ag|AgCl (3 M
NaCl, Basi MF 2502) as the reference electrode. All potentials in
this work refer to this reference electrode in 30 mL of 50 mM malic
acid, 10 mM magnesium chloride (MgCl2), and 20 mM MOPS. At
least three independent replicate experiments were performed for all
the different setups. Photobioelectrocatalysis for R. capsulatus was
investigated using cyclic voltammetry and chronoamperometry
experiments (PalmSens4). Prior to conducting the studies, the
electrolyte was purged with Argon (Rivoira UN1006 compressed
Argon 99% pure) for 20 min to obtain anaerobic conditions in the
electrochemical cell. Illumination was provided using a fiber optic
lamp (Schott KL 1500 lCD) equipped with a 10 W bulb, generating
an output light intensity of 153 mW cm−2 (measured with Gigahertz-
Optik MSC15). Chronoamperometry experiments were performed at
the potential of +0.32 V to ensure a sufficient overpotential for the
oxidation of the polydopamine matrix, alternating light/dark condi-
tions every 200 s. For further evaluation of the developed electrode
material, this was compared with commercial glassy carbon per-
forming chronoamperometry experiments, prepared as previously
described (maintaining the same volume/surface ratio) All the
electrochemical experiments were performed in triplicate both for
the biophotoanode and control electrodes (Figs. S2–S5). The
biophotocurrent generation was evaluated by subtracting the current
obtained under the dark condition from the current under illumina-
tion at the fourth illumination cycle when the quasi-steady current
generation was achieved. Additionally, for an evaluation of the
bioelectrode stability over time, a comparison of the performance
between the fourth and eighth illumination cycles were also
conducted. All the results are presented following the IUPAC
convention.

Attenuated total reflectance–fourier transform infrared (ATR-
FTIR) spectroscopy.—To confirm the presence of polydopamine on
the electrode surface, ATR-FTIR spectra were recorded with a
Perkin Elmer spectrometer (FTIR Spectrum Two, Waltham, MA,
USA) at the resolution of 4 cm−1. A total of 16 scans were
performed on four different samples (PHB-CF bare electrode,
PHB-CF heat treated electrode, PHB-CF with PDA before and after
electropolymerization) in the range of 450–4000 cm−1.
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Results and Discussion

Morphological characterization.—WCA measurement can be
used as a good qualitative functional characterization of the
wettability of the electrode surface. As reported in Fig. 1, the bare
PHB-CF electrode surface can be considered as highly hydrophobic
with an angle exceeding 120°. In all the measurements performed, a
significant decrease of WCA was observed in the presence of the
PDA layer on the electrode surface, which is associated with an
increase in the hydrophilicity of the electrode. This can be
considered as a desired property both for the electrochemical
response of the PBH-CF electrodes in aqueous electrolytes and for
the interaction of R. capsulatus cells with the electrode surface.

For biophotoanodes assembly, photosynthetic bacterial cells of R.
capsulatus and dopamine solution were combined and spotted onto
the PDA-PHB-CF electrodes. Dopamine polymerization started in
aerobic conditions and was then finalized by repeated 20 cyclic
voltammetry at the scan rates of 20 mV s−1. During the electro-
chemical polymerization, in each CV cycle, a decrease of current
density for the oxidative peak at a potential around +0.23 V is
obtained due to the consumption of dopamine monomers to form the

polydopamine matrix (Fig. 2). The current density at 0.23 V
decreased over time from 740 ± 80 μA cm−2 (first cycle) to 80 ±
20 μA cm−2 after 20 cyclic voltammetry confirming the PDA
formation. The experiments were performed also with control
electrodes containing only PDA and heat-treated R. capsulatus, as
shown in Fig. S1, providing a similar behavior.

ATR-FTIR spectroscopy reveals the presence of polydopamine on
the electrode surface following PDA deposition and subsequent
electrochemical polymerization via CV (Fig. 3). Some vibrational
patterns exhibited similarities to both experimental and theoretical
results for eumelanin.64–66 The band between 650–675 cm−1 is
attributed to the sp2 amorphous phase activated by cooperative disorder
within the sample, a characteristic shared with partially disordered
carbon materials like polydopamine.65 Moreover, these studies revealed
overlaps between the bands associated with eumelanin-like structures
and those of carbon materials, complicating their differentiation.65

However, according to electrochemical analysis, Fig. 3B showed an
increased intensity of this band across different electrodes, suggesting
the presence of PDA on the electrode surface. Additionally, moderate
intensity bands in the range of 2200–2400 cm−1 were exclusively

Scheme 1. Polyhydroxybutyrate-carbon nanofibers (PHB-CF) electrode preparation via casting process. PHB and CF are added in dichloromethane at 3:2 mass
ratio. The suspension is heated and cast. The composite, free-standing, material obtained is dipped in a PDA solution and then heat-treated at 170 °C. Finally, the
electrode material is cut into the desired shapes and dimensions.
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observed in PHB-CF electrodes in contact with PDA (Fig. 3C). Further,
in the following region functional groups typically associated with C-H
stretching vibrations were observed, which can be aliphatic C-H groups,
such as aromatic C-H stretching vibrations typical of dopamine
polymers.67,68

The SEM micrograph of the PHB-CF composite electrodes
highlighted the enhanced surface area of the highly porous material
with interconnected carbon fibers (Fig. 4A). Surface modification
with PDA was confirmed by the presence of the polymer homo-
geneously covering the carbon fibers (Fig. 4B). PHB-CF-PDA
composite electrode with R. capsulatus cells (Fig. 4C) revealed
that the bacterial cells on the electrode surface are organized in a
highly dense biofilm, where single cell morphology was not
distinguishable. At higher magnification (Fig. 4D), the dense
bacterial layer onto the carbon fibers and single bacterial cells
embedded into PDA were recognizable in the proximity of biofilm
discontinuities, suggesting the biocompatibility of the developed
substrate material with R. capsulatus cells.

Electrochemical characterization.—The photocatalytic activity
of the PHB-CF-R. capsulatus hybrid bioelectrode was evaluated by
cyclic voltammetry (CV) at 5 mV s−1 (Fig. 5) with malic acid
serving as primary electron donor. The CV of the bioelectrode (black

line) showed the characteristic redox peak of the polydopamine
polymer at a potential of +0.23 V in agreement with values
previously reported in the literature.51 The hybrid bioelectrode
showed a higher current density compared to the electrode prepared
with heat-treated bacteria (red line) and bare electrode containing
only polydopamine (grey line).69,70 The comparison of the different
electrodes is performed by evaluating the current density at +0.32 V
as such conditions allow to reach quasi-steady-state currents. The
bioanode exhibited a current density of 48 ± 10 μA cm−2 and 37 ±
3 μA cm−2 at +0.32 V under light and dark conditions, respectively.
In contrast, the control PDA electrode showed low current density,
achieving 15 ± 5 μA cm−2 and 12 ± 3 μA cm−2 at +0.32 V in the
presence and absence of light, respectively. Similarly, the control
electrode with heat-treated bacteria displayed a low photo response,
probably due to light-response of polydopamine, with current
density values of 10 ± 3 μA cm−2 and 7 ± 2 μA cm−2 under light
and dark conditions, respectively. The results achieved by the
biohybrid system can be attributed to the role of metabolically
active R. capsulatus in the polydopamine layer, providing an
increase in the catalytic activity of the matrix. Remarkably, our
results confirmed that the PHB-CF electrode containing R. capsu-
latus electropolymerized with PDA generated higher current density
in the presence of light.

Figure 1. Water Contact Angle (WCA) images of the bare PHB-CF electrode (left) and the PHB-CF electrode modified with the PDA layer (right).

Figure 2. Electropolymerization of the PDA-R. capsulatus matrix for 20 cycles at the scan rate of 20 mV s−1, reference electrode: Ag|AgCl (3 M NaCl). Current
density measured at +0.23 V as function of the CV cycles (B). The inset shows the last five cyclic voltammetries for the bioelectrode with R. capsulatus.
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Following, chronoamperometry was utilized to evaluate the
photocurrent after prolonged polarization of the electrodes at
+0.32 V vs Ag|AgCl (3 M NaCl). As previously detailed, this

potential was chosen based on the quasi-steady current obtained at
this value. In Fig. 6, the system PHB-CF-R. capsulatus showed the
highest current density, with an average value of 12 ± 3 μA cm−2 at

Figure 3. (A) ATR-FTIR spectra of bare PHB-CF electrode (pink line), PHB-CF heat treated electrode (blue line), PHB-CF after PDA deposition (red line), and
PHB-CF after PDA electrochemical polymerization (black line). Magnification of the 500–800 cm−1 and the 2000–2500 cm−1 ranges (B and C, respectively).

Figure 4. SEM images of the bare PHB-CF electrode, the PHB-CF electrode modified with the PDA layer, and the biohybrid PHB-CF electrode with R.
capsulatus cells in the PDA matrix at 10 μm (A), 2 μm (B) and, 100 nm (C) magnification.
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the fourth illumination cycle, corresponding to a bio-photocurrent of
3.4 ± 0.4 μA cm−2. After prolonged operation, at the eighth
illumination cycle, the system performance decreased, with a current
density of 8 ± 2 μA cm−2 and a bio-photocurrent of 2.2 ±
0.3 μA cm−2. The control test with only PDA and the metabolically
inactivated bacteria confirmed the role of purple bacteria in the
photocurrent generation. PDA, being a photoactive polymer, ex-
hibited a current density value of 3 ± 1 μA cm−2, with a photo-
current of 0.5 ± 0.4 μA cm−2. In contrast, the heat-treated bacteria
showed the lowest current response of 2 ± 1 μA cm−2. This value
was 2-fold lower compared with the electrode containing only PDA,
possibly because the presence of inactive cells can disrupt the
conductive matrix of PDA.

Figure 6 further highlights the performance of the hybrid
biophotoanode over the prolonged operation, comparing the current
density registered with the bio-photocurrents obtained. From the
fourth to the eighth cycles, a reduction of 32 ± 1% is observed in
current density terms. Similarly, a 34 ± 2% decrease in bio-
photocurrent was obtained. The loss in (photo)current generation
could be attributed to various factors, including a decrease in
bacterial cell activity for the in situ generation of reactive oxygen
species (ROS),71–73 and electrode instability (i.e., possible slow
detachment of bacterial cells from the electrode surface).

Based on the presented results, the joint action of the PDA,
R. capsulatus, and the newly designed electrode PHB-CF allowed
the high photocurrent generated by the assembled photobioelectro-
chemical system. The biobased material allowed improved adhesion
of the PDA-bacteria matrix, with better performance over prolonged
operation compared to glassy carbon electrodes (Fig. S6B). Notably,
the biocompatible electrode had yielded an 18-fold increase in
photocurrent generation,51 when chronoamperometry experiments
on glassy carbon resulted in a current density and biophotocurrent of
0.44 ± 0.08 μA cm−2 and 0.18 ± 0.08 μA cm−2 respectively. This
breakthrough opens a wide array of electrochemical applications for
this photoanode, ranging from biosensing to power generation.

Cost evaluation.—To ensure that the developed electrode is
sustainable as well as cost-effective, an estimation of the cost to
prepare the electrode has been performed and is reported in Table I.
Comparing the price for every reactant in the electrode blend, the
biopolymer polyhydroxybutyrate results to be the most cost-effec-
tive. Indeed, the average price for polyhydroxyalkanoates (PHAs) is
7.46 euros per Kg.74 For the other components, carbon nanofibers
have the highest influence on the final cost. The final price for a
1 cm2 electrode is approximately 0.05 euros. Though this evaluation
is based on cost and process considerations at a lab scale, it shows as

Figure 5. Cyclic voltammetry for the biophotoanode under light (A) and dark condition (B) for PDA-R. capsulatus (black line); PDA-R. capsulatus heat-treated
(red line); only PDA (grey line). Scan rate, 5 mV s−1; CE, Pt; RE, Ag | AgCl 3 M [NaCl.].

Figure 6. (A) Amperometric i-t traces at +0.32 V under light and dark conditions for the biophotoanode with PDA-R. capsulatus (black line), PDA-R.
capsulatus heat-treated (red line), only PDA (grey line), and PDA-R. capsulatus on glassy carbon (blue line). (B) Comparison between overall current densities
under light conditions (blue and green) and biophotocurrents (yellow and red) for: the fourth illumination cycle (blue and yellow bars) and the eighth cycle (green
and red bars) for the biophotoanode with R. capsulatus, only dopamine, and heat-treated bacteria.
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the development of small bioelectrochemical devices with PHB-
based electrodes for different applications, such as biosensing,
would be particularly accessible, enabling their use as disposable
and on-demand systems.

Conclusions

A novel blend of polyhydroxybutyrate and carbon nanofibers was
introduced as a promising, eco-friendly, and biocompatible material
for free-standing electrodes in bioelectrochemical systems. The
present biophotoanode demonstrates a current density of 12 ±
3 μA cm−2 and a substantial bio-photocurrent production of 3.4 ±
0.4 μA cm−2. In comparison to commercial glassy carbon electrode,
which yielded a current density of 0.44 ± 0.08 μA cm−2 and a
biophotocurrent of 0.18 ± 0.08 μA cm−2, the biophotoanode exhibits
a remarkable 18-fold enhancement in performance. This underscores
the promising potential of the polyhydroxybutyrate-carbon nanofiber
blend in advancing the efficiency and sustainability of microbial
electrochemical systems, targeting cost-effective devices that could
be deployed in the environment.
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